The blood-brain barrier (BBB) is essential for proper neuronal function, homeostasis, and protection of the central nervous system (CNS) microenvironment from blood-borne pathogens and neurotoxins. The BBB is also an impediment for CNS penetration of drugs. In some neurologic conditions, such as epilepsy and brain tumors, overexpression of P-glycoprotein, an efflux transporter whose physiological function is to expel catabolites and xenobiotics from the CNS into the blood stream, has been reported. Recent studies reported that overexpression of P-glycoprotein and increase in its activity at the BBB drives a progressive resistance to CNS penetration and persistence of riluzole, the only drug approved thus far for treatment of amyotrophic lateral sclerosis (ALS), rapidly progressive and mostly fatal neurologic disease. This review will discuss the impact of transporter-mediated pharmacoresistance for ALS drug therapy and the potential therapeutic strategies to improve the outcome of ALS clinical trials and efficacy of current and future drug treatments.
INTRODUCTION
The complexity of amyotrophic lateral sclerosis (ALS) etiology and the pathologic changes in the blood-brain barrier (BBB) have contributed significantly in limiting the development of a successful pharmacotherapy. With the discovery of ALS-linked genes, genetic mutations have been discovered in up to 20% of apparent sporadic and 60% of familial ALS cases (1) . Clinically, ALS is classified as an upper and lower motor neuron disease. There are also atypical ALS phenotypes, which include the Bpure^lower motor neuron (LMN)-type progressive muscle atrophy, pure upper motor neuron (UMN)-type primary lateral sclerosis, and predominant bulbar palsy (2) . Several mechanisms have been proposed to cause ALS disease, including glutamate excitotoxicity, neuroinflammation, dysfunction of mitochondria, aberrant protein aggregation, and oxidative stress, which led to the launching of multiple preclinical and clinical trials. However, only one drug, riluzole, was found to be modestly effective in slowing down the progression of ALS (3) . The lack of suitable biomarkers for early detection and diagnosis has also negatively impacted the design of clinical trials, possibly decreasing the chance of success. Failure to find new, more effective drugs may also be attributed to the inability of the investigated drugs to gain access to the brain in therapeutic concentrations due to the activity of multidrug efflux transporters at the BBB (pharmacoresistance) (4) . The BBB has been considered a major obstacle for central nervous system (CNS) penetration and persistence of bioactive drugs. Some neurologic diseases, such as epilepsy, brain tumors, and more recently ALS, have been associated with overexpression of P-glycoprotein (permeability-glycoprotein, P-gp) at the endothelial cells of the BBB that hinders even more the access of drugs to CNS tissues. Hence, it becomes a necessity to overcome P-gp mediated multidrug resistance (MDR) to improve the efficacy of clinically prescribed CNS targeting drugs.
THE BLOOD-BRAIN BARRIER
The BBB separates blood components from the CNS. Integrity of the barrier is essential for proper neuronal function, maintenance of brain microenvironment, and protection from blood-borne pathogens and toxins (5) . The BBB consists of a physical barrier, formed by microcapillary endothelium that is held firmly together by tight junctions (TJs), and a transport barrier, formed by presence of several efflux transporters and vesicular systems. This system limits the paracellular diffusion of polar molecules, yet allows a strict controlled transport of nutrients, solutes, and circulating immune cells into the brain.
Drug Efflux Transporters
To enter the CNS from the peripheral circulation, most drugs and solutes have to traverse the BBB, while paracellular permeability is limited by the TJ of capillary endothelium (6) . Endothelial cells of the brain capillaries are considered major physical blocks that form the BBB together with the help of cells of the neurovascular unit including astrocytes, neurons, and pericytes. Cells of the neurovascular unit work together to support the BBB and to contribute in regulating its structural as well as functional integrity (7) .
Although lipid soluble and low molecular weight compounds may readily diffuse across the BBB, most of those compounds are ultimately limited by specialized efflux transport systems. The entry and persistence of many compounds in the CNS are restricted by ATP binding cassette (ABC) efflux transporters, which are active efflux pumps that use ATP as a source of energy to shuttle endogenous and exogenous molecules across the BBB (2) . Most relevant drug efflux transporters include P-gp (ABCB1), multidrug resistance-associated proteins MRPs (ABCCs), and the breast cancer resistance protein BCRP (ABCG2) (2) .
P-Glycoprotein. P-gp, the first identified MDR protein (8) , is a 170-kDa transporter, highly expressed at the BBB, and localizes to the luminal membrane of the brain endothelial cells (BEC) (9, 10) . P-gp regulates brain removal of various biomolecules such as cholesterol, lipid, glucocorticoid, and peptides (11) . In addition, P-gp has broad substrate specificity which makes it capable of hindering the brain access of many CNS-active drugs, such as the human immunodeficiency virus protease inhibitors including indinavir, nelfinavir, and saquinavir (12) .
In humans, two isoforms (1 and 2) of P-gp are present. Isoform 1 is encoded by the MDR1 gene, which is expressed at the BBB, while isoform 2 is encoded by MDR2/MDR3 genes and it is expressed predominantly in canaliculi of hepatocytes (13) . In rodents, mdr1a and mdr1b genes encode P-gp isoform 1. mdr1a is expressed in brain capillaries, whereas mdr1b is expressed exclusively in brain parenchyma (14) . Substrate specificity of both isoforms, although partly overlapping, is different. Due to the expression of P-gp at the lumen of BEC, P-gp substrates entering the brain through capillary lumen are largely effluxed back into the blood, and thus, their brain access is strikingly reduced (13) . P-gp, despite being predominantly localized at the plasma membrane, is also expressed in intracellular compartments, such as cytoplasmic vesicles, plasmalemmal vesicles, and nuclear envelope (15, 16) . P-gp-containing cytoplasmic vesicles concentrate drugs into the lumen of the vesicles.
Multidrug Resistance-Associated Protein. Multidrug resistance-associated protein (MRPs) are nine members that belong to the subfamily MRP/CFTR of the 48 human ABC transporters' family. Unlike P-gp whose substrates are unconjugated and cationic, the majority of substrates for MRPs (MRP1 or MRP2) are anionic. However, due to the broad specificity of both P-gp and MRPs, there is a substrate overlap for both transporter families (12, 17, 18) . Like P-gp, MRPs are also expressed at the BBB. However, unlike P-gp whose expression is restricted at the apical membrane of capillary endothelium, MRPs are expressed both apically (MRP2 and MRP4) and basolaterally (MRP1, MRP3, and MRP5) (12, 17) .
Breast Cancer Resistance Protein. Breast cancer resistance protein (BCRP), subfamily G member 2 (ABCG2), is an ABC efflux transporter discovered in a drug-resistant breast cancer cell line. Like P-gp, BCRP is expressed at various barrier tissues, suggesting that both transporters similarly protect various tissues from harmful xenobiotics (12) . In the brain, the expression of BCRP has been detected at the apical side of capillary endothelium of different animal species such as, pigs, mice, and humans (12, 19, 20) . In humans, mRNA transcripts of BCRP are more abundantly expressed at the BBB than that of P-gp or MRP1 (21) . BCRP has been suggested to have a role in regulating drug distribution into the brain. Inhibition of BCRP at the BBB was shown to increase brain penetration of prazosin and mitoxantrone in mdr1a knockout mice (19) . In support of the similarities in tissue expression and protective function of BCRP and P-gp, BCRP expression was shown to increase by 3-fold in capillary endothelium of mdr1a knockout mice, indicating a compensatory role played by BCRP (19) .
DYSFUNCTION OF BBB IN ALS

Alterations in Brain Vasculature in ALS
Proper function of the brain vasculature is essential to maintain normal microenvironment required for optimal neural cells function (22) . However, in disease condition, the BBB may undergo structural and functional deteriorations that lead to or exacerbate neuroinflammation and neurodegeneration. Studies reported disruption of the BBB integrity and function in many neurological diseases such as multiple sclerosis, stroke, epilepsy, Alzheimer's disease, and ALS (1, 23) .
A compromised BBB in ALS patients has been hypothesized early in 1980s (24) . Quantitative and immunofluorescence analyses of brain tissue and CSF proteins revealed infiltration and deposition into the CNS of blood-borne molecules, suggesting damaged BBB (24, 25) . Impairments in the BBB of the SOD1-G93A mouse model of ALS as well as in microvessels of post-mortem brain and spinal cord tissues of ALS patients have been reported (1), including endothelial cell degeneration, capillary leakage, perivascular edema, downregulation of TJ proteins, and microhemorrhages (1). In the SOD1-G93A mouse, the blood-spinal cord barrier (BSCB) is disrupted most likely because of downregulation of the TJ proteins ZO-1, occludin and claudin-5. This likely resulted in microhemorrhages and the associated release of neurotoxic hemoglobin-derived products, reductions in microcirculation, and hypoperfusion (26) . These changes precede some disease events such as neuroinflammation and motor neuron death, suggesting that BBB alterations may contribute to disease initiation. However, another study in a rat model of ALS reported dysfunction in BBB and BSCB by showing distribution of Evans blue dye into spinal cord and brain stem of symptomatic, but not asymptomatic animals, suggesting that BBB alterations occurred as a consequence of disease (27) . Modifications occur also at the transport level, which included overexpression of P-gp and BCRP mainly in spinal cord microcapillaries (28) .
The BBB in ALS suffers from multiple injuries and downregulation in major TJ proteins that may eventually lead to increased paracellular permeability of the BBB to systemic blood components and circulating drugs. Qosa and colleagues studied changes in paracellualr permeability in an in vitro model of the ALS BBB and found that increased paracellular permeability of the BBB to Na fluorescein (a substance that does not undergo active transport) did not increase the permeability of a P-gp substrate, LD800 (29) . The authors concluded that P-gp upregulation presumably reduced leakage of P-gp substrates across dysfunctional BBB model of ALS (29) . Interestingly, similar observations were reported in other CNS diseases. For example, in epilepsy, the TJs are dysfunctional causing a BBB leakage and impaired neuronal function, yet the transport across the BBB is still restricted by P-gp causing drug resistance (30) . Similarly in stroke, the TJs are disrupted and the BBB is dysfunctional; however, those changes are associated with P-gp upregulation and limited brain permeability of CNS-active drugs that are P-gp substrates (28, 31) . Nonetheless, it is advisable that whenever studying, P-gp activity in BBB cellular and animal models of CNS diseases should be included in paracellular markers (e.g., inulin, sucrose, and sodium fluorescein) to account for paracellular leakage and accurately measure the contribution of efflux transporters in drug transport across the BBB.
Evidence of Transporter-Mediated Pharmacoresistance in ALS
Transporter-mediated pharmacoresistance has attracted attention over the last decade in neurological diseases like epilepsy, in which P-gp efflux transporter at the brain endothelium of the BBB appears to be a major player. This multidrug efflux transporter has also been implicated in pharmacoresistance in other non-neurologic diseases, such as cancer and HIV (32) . Due to the ability of P-gp to prevent a broad range of drugs from accessing the CNS, a disease condition in which P-gp is downregulated (e.g., AD and PD) will increase the brain penetration of systemic drugs and potentially result in adverse effects (28) . On the other hand, a disease condition in which P-gp expression is increased at the BBB (e.g., epilepsy, stroke, and ALS) will decrease the brain penetration of CNS-active drugs and, therefore, limit their therapeutic benefits (28) .
An early study by Boston and colleagues suggested the occurrence of P-gp-mediated pharmacoresistance in the SOD1-G93A mouse model of ALS (33) . The authors screened a library of 1040 FDA-approved drugs to find candidates that enhance glutamate uptake, aiming at controlling glutamate-mediated excitotoxicity in ALS. They reported that nordihydroguaiaretic acid (NDGA), an antiinflammatory molecule and inhibitor of lipoxygensases, increased glutamate uptake in vitro in MN-1 cells and chronically in vivo in non-transgenic, wild-type mice. However, when NDGA was given to the SOD1-G93A transgenic mice, it failed to sustain, over time, the increase in glutamate uptake. Interestingly, the same study also found in these mice that an upregulation of P-gp expression in the spinal cord microcapillary endothelium starts at disease onset. Based on these observations, it was hypothesized that the lack of a sustained effect of NDGA in the SOD1-G93A mice could be due to increased P-gp-mediated resistance to NDGA penetration into the CNS (33) . Following these initial findings, the same lab further reported that protein and mRNA levels of Abcb1 and Abcg2 were selectively increased in the spinal cord and cerebral capillaries of SOD1-G93A mice models of ALS (4) . Subsequently, other groups reported increased expression of P-gp, but not BCRP in the mutant SOD1-G86R mouse and SOD1-G93A rat models of ALS (34, 35) . Pgp overexpression may limit the ability of investigational drugs that are P-gp substrates to cross the BBB and reach the brain in therapeutic concentrations, therefore adversely impacting their efficacy. For example, riluzole, the only drug approved for treatment of ALS, is a P-gp and BCRP substrate (36) . In one study by Milan and colleagues, higher brain penetration of riluzole by 2.1-fold was observed when it was co-administered with a P-gp inhibitor, minocycline, and by 1.4-fold, when administered to mdr1 knockout mice (36) . Furthermore, the uptake of riluzole increased significantly after inhibition of BCRP in mdr1a (−/−) mice and BeWo cells (37) . In a recent study, Jablonski and colleagues showed that double inhibition of P-gp and BCRP with elacridar increased riluzole therapeutic efficacy in SOD1-G93A ALS mice (38) . Similarly, brain uptake of riluzole decreased by 70% in mutant SOD1-G86R mice (34) . These observations suggest that the therapeutic efficacy of P-gp/BCRP substrates, such as riluzole, could be limited, at least partially, as a result of pharmacoresistance that develops over the course of ALS.
ABC transporters' upregulation was also detected in ALS patients' post-mortem lumbar spinal cord tissue, further suggesting the development of pharmacoresistance following disease pathology (4). Therefore, drug-transporter/drug-drug interaction may occur at the BBB level and impact brain permeability of ALS therapeutics, as illustrated in Fig. 1 . Table I shows drugs that have been tested in ALS clinical trials; many of which are also P-gp substrates. The time course of P-gp upregulation in ALS patients remains however to be further investigated .
Regulation of P-gp Expression in ALS
Regulation of P-gp and BCRP expression at the capillary endothelium of the BBB involves multiple signaling pathways, which can be activated by multiple stimuli. Brain capillary endothelium expresses several ligand-activated nuclear receptors, of importance, pregnane-x receptor (PXR), constitutive androstane receptor (CAR), peroxisome proliferator-activated receptor α (PPARα), and glucocorticoid receptor (GR). These ligandactivated nuclear receptors regulate P-gp/BCRP expression through different pathways. They can be stimulated by many chemicals and food ingredients which induce efflux transporters' expression along with phase I and II cytochrome-P450 (CYP-450) enzymes' expression (95) . The mechanism involves binding of stimuli to the specific receptor, translocation of the complex to the nucleus, and binding to the promoter region of the targeted gene. Other mechanisms involve indirect activation of transcription factors through stimulation of plasma membrane receptors, with activation of multiple signaling pathways that converge into nuclear translocation of the ABC transporter master regulator, nuclear factor kappa-light-chain-enhancer of activated B cells (NFKB), and stimulation of ABC target genes. Upregulation of P-gp and BCRP through receptor-mediated activation can result from several cell stressors, inflammatory mediators, and extracellular glutamate. Most of CNS disorders are characterized by inflammation and are associated with alterations in several pro-inflammatory mediators. One common inflammatory mediator is the tumor necrosis factor-α (TNF-α), which has been found to modulate P-gp expression in endothelial cell culture and in rodent-isolated brain capillaries. TNF-α upregulates P-gp expression, through stimulation of NFKB nuclear translocation, by activating a cascade of upstream molecules including TNF receptor 1 (TNFR1), iNOS, and protein kinase C isoform β2 (PKCβ2). An alternative pathway of activated TNFR1 causes immediate reduction in P-gp activity without altering its protein expression by activating PKCβ1 instead of PKCβ2 (96) .
Astrocytes expressing the ALS-causative mutations SOD1-G93A or SOD1-A4V when co-cultured with endothelial cells enhances expression and activity of P-gp through the release of reactive oxygen species (ROS) and stimulation of transcription factor Nrf2 (Fig. 2 ). In addition, recent studies showed that accompanying ROS changes, there was an increase in the systemic level of the ratio of glutathione disulfide (GSSG)/reduced glutathione (GSH) in ALS patients (97) . Interestingly, glutathione, an important antioxidant, was shown to regulate P-gp expression at the BBB by regulating ROS brain level and protecting the BBB endothelial cells from oxidative stress (98, 99) . Nonetheless, the direct relationship of reduced glutathione and P-gp upregulation at the BBB in ALS has not been studied. Suggested studies may include addressing whether changes in GSSG/GSH ratio observed in ALS patients could be correlated to changes in P-gp expression, which could be a useful biomarker for drugresistant patients.
Additionally, astrocytes harboring another ALScausative mutant protein, FUS-H517Q, drive P-gp upregulation through inflammatory stress, namely by secreting TNF-α that is known to ultimately activate NFkB, as depicted in Fig.  2 (29,100-102 ). Because both familial and sporadic ALS types are characterized by upregulation of P-gp at the BBB, it could be concluded that factors that upregulate P-gp expression do not depend on specific disease-driven mutations. It is worth mentioning that the increase in P-gp expression at the BBB in ALS occurs not only at the protein level but also at the mRNA level. In addition, there is an increased transcriptional activity of NFKB, a master regulator of P-gp (4, 29) . Furthermore, Western blot studies showed that the increase in P-gp expression occurred not only in the plasma membrane fraction but also in the total protein sample from cell or tissue lysate, suggesting that P-gp upregulation is attributed to an increase in its de novo synthesis rather than trafficking from cytoplasmic to plasma membrane compartment (29) . However, more experiments should be done on this line of investigation to make more firm assessments.
ASSESSING P-GP ACTIVITY IN HUMANS
The association of P-gp overexpression with drug resistance has been directly correlated with poor therapeutic outcome (103) (104) (105) . Since the blood is usually sampled to determine pharmacokinetic profile of a drug, it would be difficult to assess drug concentration in specific organs, such as the liver, kidneys, and brain. This is because changes in transporters' expression may alter the drug pharmacokinetic distribution at the tissue level with minor changes to blood No trial about symptomatic treatments was included. We also accessed ClinicalTrials.gov to obtain information on current registered studies of ALS concentrations (106, 107) . For example, when drug concentrations are measured at steady state in the blood and brain, a ratio of unity of blood/brain drug concentration is expected. However, in case of a drug substrate of efflux transporters at the BBB, the blood/brain ratio of drug concentration is significantly altered (i.e., rapid equilibrium between blood and brain cannot be assumed) (108, 109) . In this respect, it is very important to determine the influence of transporters on distribution of drugs in the brain in humans. One of the most powerful, non-invasive tools to assess drug distribution and function of transporters is the use of advanced imaging of radiolabeled substrates, such as positron emission tomography (PET) and single-photon emission computed tomography (SPECT) techniques. These techniques have been widely used to quantitatively assess P-gp activity in many CNS diseases and to address pharmacoresistance in patients with refractory epilepsy, brain cancers, AD, and HIV (110) (111) (112) . P-gp function and expression can be determined using two types of radiolabeled tracers, either P-gp substrate tracers or inhibitors of P-gp function. The transporter substrate or inhibitor should be labeled with a positron emitting radioisotope, such as carbon-11 or fluorine-18 (113) .
[
Tc]sestamibi is a widely used radioisotope for SPECT imaging to detect P-gp function in tumors in rodents and humans (114) (115) (116) 11 C]N-desmethyl-loperamide were extended to application in humans (118) . The most common substrate tracer for P-gp that has been used in PET imaging is (R)- ]verapamil was considered an ideal P-gp tracer due to its low baseline signal and its radiolabeled metabolites which could enhance its PET signal (119) . However, the lipophilicity of this probe and its radioactive metabolites, which could potentially enter the brain, complicate data interpretation. In addition, (R)-[ 11 C]verapamil may not be suitable for tracking Pgp functional upregulation, as seen in epilepsy and ALS, because of its low baseline signal (119) . Currently, efforts are focused on the development of PET probes that are capable to detect both up-and downregulation of transporter function and expression, with reduced lipophilicity and brain-entering metabolites and a longer physical half-life (labeling with 18 F instead of 11 C) (120) . PET imaging was useful as a diagnostic tool for ALS patients compared to control subjects. For example, the brain metabolism of fludeoxyglucose ( 18 F-FDG) was studied using PET with advanced discriminant analysis methods, which accurately distinguish ALS from controls and aided in assessing individual prognosis (121) . However, the application of PET imaging in studying altered transporters expression and function at the BBB in ALS remains to be determined.
EXAMPLES OF ABC TRANSPORTERS POLYMORPHISMS IN HUMANS: IMPLICATION FOR CNS PHARMACORESISTANCE
ABCB1 is a highly polymorphic gene. In some instances, polymorphism in genes has been reported to impact protein expression and function. In epilepsy, antiepileptic drug resistance (ADR) is linked to P-gp polymorphism in subgroup of patients (122) . However, the correlation between P-gp overexpression Fig. 2 . Suggested pathways that regulate P-gp expression at the BBB in ALS. TNF-α tumor necrosis factor-α, TNF-R1 tumor necrosis factor receptor-1, ET-R B endothelin receptor-B, iNOS inducible itric oxide synthase, PKCB2 protein kinase C isoform β2, ROS reactive oxygen species, Nrf2 Erythroid derived 2 like-2, NFkB nuclear factor kappa-light-chain-enhancer of activated B cells, mdr1 multidrug resistance protein-1, P-gp permeability glycoprotein or P-glycoprotein and the presence of single nucleotide polymorphisms (SNPs) in ABCB1 and ABCC2 genes in ADR-type epilepsy patients is still controversial and may vary between different ethnic groups (123) (124) (125) . Using a rigorous screening of pediatric epileptic patients, Escalante-Santiago and colleagues examined nucleotide changes in Mexican patients to identify new and reported mutations in 22 ADR patients and 7 control patients (126) . The study genotyped 11 exons in ABCB1 and ABCC1 genes using genomic DNA from leukocytes and revealed 10, new and reported, SNPs in ABCB1. Out of these, rs2229109 (G → A) and rs2032582 (A → T and A → G) were identified in ADR patients, but not control. Six SNPs were identified in ABCC2 gene with rs3740066 (T → T) and 66744 T > A (T → G) unique to the ADR group. Further, the SNP rs2032582 in the ABCB1 gene and the presence of rs3740066 in ABCC2 gene posed the strongest risk factors for ADR. Although this study showed the presence of frequently reported ABCC1 polymorphisms, there was a striking correlation between SNPs in the ABCC2 gene and the occurrence of drug resistance. In another study, Sterjev and colleagues examined the correlation between presence of ABCB1 SNP (C3435T) and response to treatment with carbamazepine (CBZ) in 162 epilepsy patients (127) . The study did not find any statistically significant differences in the distribution of C3435T SNP between CBZrespondent or resistant patients. However, patients who are respondent to higher doses of CBZ treatment correlated well with the presence of ABCB1 SNP (C3435T).
The correlation between the overexpression of P-gp and pharmacoresistance to therapeutic agents and ABCB1 polymorphism has not yet been addressed in ALS. However, findings from other neurological conditions like epilepsy and depression could support this hypothesis. Correlating the expression levels of P-gp to the presence of polymorphisms in ABCB1 gene could be utilized to stratify patients according to their ABCB1 genotype and response to treatment. In addition, screening ALS patients for ABCB1 polymorphisms linked to P-gp overexpression may predict the therapeutic efficacy of drugs that are P-gp substrates.
OVERCOMING PHARMACORESISTANCE AS A THERAPEUTIC STRATEGY FOR ALS
Inhibition of Drug Efflux Transporters
The strategy to use drug efflux transporter inhibitors in combination with the therapeutic drug has been largely employed for chemotherapy in brain tumors (32) . Firstgeneration inhibitors are pharmacologically active drugs that not only have clinical use but also inhibit drug efflux transporters. A classical example is verapamil, a calcium channel blocker and the first P-gp inhibitor used to improve brain delivery of anticancer therapeutics (128) . In clinical trials, however, verapamil caused serious cardiac side effects due to its higher affinity to inhibit calcium channels than P-gp by 10 6 times (128). First-generation P-gp inhibitors are toxic and many of them failed in clinical trials (129) . For this reason, another class of P-gp inhibitors (second generation), such as valspodar (PSC 833), and dexverapamil were developed to improve specificity. This class of inhibitors faced, however, a major drawback of having overlapping substrate specificity with CYP450, an enzymatic system involved in about 70% of total drug metabolism (130, 131) .
A compound that also interacts with CYP-450 may change the pharmacokinetics of other drugs that are metabolized by CYP-450 and, therefore, is a potential risk for drug-drug interactions. Third-generation inhibitors with highest specificity, and fewer adverse effects were therefore developed. Most notable examples include laniquidar (R101933), tariquidar (XR9576), and elacridar (GF120918/GG918) (13) .
Many marketed CNS-active drugs are P-gp substrates and/or inhibitors. For example, the antipsychotics fluphenazine, amisulpride, and demethyl-clozapine and the antiemetic domperidone are P-gp substrates (131) . In addition, some antidepressants (e.g., amitriptyline, chlorpromazine, pimozide, protriptyline, haloperidol, trimipramine, clozapine, and desipramine) inhibit P-gp, which suggest their use as P-gp inhibitors in combination with anticancer drugs to increase their CNS penetration for brain tumor treatment (131) (132) (133) . For example, coadministration of the chemotherapeutic agent daunorubicin with maprotiline, trimipramine, desipramine, imipramine, or doxepin increased daunorubicin uptake in tumor drug-resistant cell lines (134) . Inhibition of P-gp as a strategy to overcome BBB has been tested largely for psychoactive drugs. Inhibition of P-gp with verapamil in rats increased the brain dialysate levels of phenobarbital, felbamate, and lamotrigine as compared to plasma by 1.5-to 2-folds (135) . Another example, the brain-to-serum ratio of nortriptyline was significantly increased in rats treated with a P-gp inhibitor compared to untreated animals (136) . Therefore, the distribution of psychoactive drugs into the brain may be potentially limited by P-gp at the BBB. Another class of drugs that showed better brain penetration with P-gp inhibitors is central analgesics, such as methadone, morphine, meperidine, oxycodone, and fentanyl (137, 138) . Central tolerance is a major obstacle facing opioid analgesics, which require higher doses to maintain their effect. One suggested mechanism of opioid tolerance is P-gp-mediated efflux of opioids at the BBB by limiting their brain penetration (137, 139) . Several preclinical studies showed inhibition of Pgp could increase brain levels of opioids and improve their efficacy (138, 140, 141) . Inhibition of P-gp with GF120918 significantly enhanced morphine antinociceptive effects in rats compared to morphine treatment alone (141) . In a recent study, morphine brain uptake was increased over time in rats pretreated with P-gp inhibitors, PSC833 (valspodar) and cyclosporine-A, as determined by in situ brain perfusion (142) .
Despite the success of the third-generation P-gp inhibitors in preclinical studies, most of them have largely failed in clinical trials and did not improve therapeutic efficacy of drugs (120, 143) . Therefore, fourth-generation P-gp inhibitors have been suggested as novel strategy by using natural products, peptidomemetics, and dual-targeting approaches (143) . In drug discovery, the development of therapeutics from marine natural products is considered a very promising approach. P-gp inhibitors of marine-derived compounds are largely studied for cancer therapy (144) . Some marinederived compounds are P-gp inhibitors and also demonstrate some anticancer activity, such as alkaloids, terpenoids, and polyoxygenated sterols. An example of marine-derived alkaloids is Lamellarins, which can be isolated from prosobranch mollusk (Lamellaria sp.) (145) . Lamellarin I directly inhibits P-gp and increased accumulation and efficacy of vinblastine, doxorubin, and daunorubicine in cancer drug-resistant cells. Compared to verapamil, Lamellarin I enhances the cytotoxicity of doxorubicin in Lo Vo/Dx cell line by 16-fold (145,146) . Methoxy-derivatives of lamellarin D, K, and N provide more potent P-gp inhibition and overcome drug resistance in cancer cell lines (144) . Alkaloids show more P-gp selectivity, but they have some toxicity. Synthetic analogues of marine natural compounds have shown improved selectivity with less toxicity. However, most of marine inhibitors are scarcely studied and their mechanisms of action are still under investigation. Creating derivatives with higher potency, favorable pharmacokinetic profiles, and less toxicity using rational drug design would result in more clinically effective drug candidates (145) .
CHALLENGES OF INHIBITING P-GP FUNCTION AT THE BBB IN THE CLINIC
In preclinical studies, inhibition of P-gp at the BBB resulted in robust increase in brain penetration of drugs that are P-gp substrates by 2-to 100-fold (147) . However, in humans, such effect has not been demonstrated (147) . A reason for this lack of effect in humans is the low unbound inhibitor concentration in the plasma, which is not sufficient to provide appreciable P-gp inhibition. The highest doses of most marketed P-gp inhibitors examined for use in the clinic provide less than 50% P-gp inhibition based on their reported unbound maximum plasma concentrations (C max ), with <2-fold increase in brain penetration of the examined therapeutic drug (147) . For example, in preclinical animal studies, 50 mg/ kg I.V. dose of cyclosporin A increased brain penetration of [ 11 C]-verapamil by 5.3-to 5.8-fold and achieved 83 to 90% Pgp inhibition in mice and rats (148) . In the clinic, a dose of 2 mg/kg/h of cyclosporine-A caused 1.6-to 1.9-fold increase in brain penetration of [ 11 C]-verapamil with only 38 to 50% Pgp inhibition (149, 150) . Given the low plasma fraction unbound of cyclosporin A (≈0.10), in human, higher doses of cyclosporin A are required to increase C max , obtain 80 to 90% P-gp inhibition, and achieve appreciable (<2-fold) verapamil brain penetration. A 100 times greater dose of tariquidar than its inhibition constant (K i ) is necessary to increase P-gp substrate in the brain by 50% (151) . Thus, with the current marketed P-gp inhibitors, such increases in the dose are hampered by potential side effects and toxicity. It is noteworthy that most clinical studies that examined the inhibition of P-gp at the BBB to increase brain penetration of P-gp substrates are acute studies with a single dose of the tested inhibitor, or infusion for short time. Chronic use of Pgp inhibitors in a combinatorial regimen with drugs that are P-gp substrates may have a different overall impact on brain penetration of drugs.
Another reason for poor preclinical to clinical translation of P-gp inhibitors could be attributed to species differences in P-gp expression and sensitivity. However, while P-gp expression at the BBB is~2-fold higher in mice than humans, the majority of reported half maximal inhibitory concentrations for most P-gp inhibitors in rodents and humans are comparable (152) . Therefore, the difference in P-gp expression and sensitivity between rodents and humans are modest and unlikely to contribute to the poor clinical translation of P-gp inhibitors. Consequently, preclinical rodent models are expected to show comparable P-gp inhibition to humans if the P-gp inhibitors are given to animals at doses that mimic unbound inhibitor concentration in humans' plasma. Advanced mathematical modeling could be a useful tool to predict unbound brain concentrations of the investigated drugs. However, to date, accurate quantification of unbound extracellular brain concentration of drugs in humans can only be determined using microdialysis technique, which is extremely invasive and not applicable to patients (153) .
Targeting Transporters Regulation
Inhibition of P-gp to overcome limited brain penetration of riluzole in ALS could prove to be a suitable strategy, but there are some challenges with the use of current P-gp inhibitors, which include: (1) The high dose for available inhibitors required to significantly block P-gp is in the micromolar concentration range, which may lead to adverse reactions and toxicity and (2) selectivity and specificity of inhibition of P-gp only at the BBB and not in excretory organs like liver, kidneys, and the intestine. Therefore, indirect targeting of P-gp by blocking signaling pathways that regulate P-gp expression in ALS could provide a possible alternative. Our lab recently identified some of the signaling pathways involved in P-gp upregulation in ALS (29) . Different genetic mutations linked to familial ALS appear to drive P-gp upregulation through soluble factors secreted by astrocytes that trigger different signaling pathways converging on NFKB activation and its nuclear translocation in endothelial cells. Qosa and colleagues showed that overexpression of P-gp in pMBEC was driven by SOD1-G93A astrocytes and inhibited by SN50, an NFkB inhibitor (29) . Therefore, targeting the endothelial cell NFKB signaling could be a possible strategy to alleviate drug resistance mediated by P-gp.
It is interesting that the neurotransmitter glutamate also appears to regulate P-gp expression at the BBB through a signaling pathway that involves NFKB activation. In rodents, as well as in human cells, glutamate stimulates P-gp upregulation via activation of NMDA receptors expressed on the brain capillary endothelium (154) . COX-II is a downstream molecule in this signaling pathway. Several preclinical studies have indeed targeted inhibition of COX-II to overcome glutamate-mediated P-gp upregulation (155) .
Bypassing BBB
Transient BBB disruption by hyperosmolar agents and the use of Trojan horse receptor-mediated transport, nasal drug delivery, and transcranial delivery has been employed to bypass the BBB (156) . Targeted drug delivery to the brain has been studied using nanotechnology in neurologic diseases such as PD and AD (156) . For example, glutathione, a neuroprotective antioxidant, has been encapsulated in liposomes, lecithin, and glycerol lipid vesicles, which can cross the BBB and can be taken up by neurons (157) . Nanotechnology has also been employed to improve drug absorption via nasal route in Parkinson's disease animal model utilizing nanoparticles modified with odorranalectin to enhance nanoparticles uptake by nasal epithelial cells and, hence, improve brain delivery (156) . For ALS, Bondi and colleagues prepared riluzole as drug-loaded solid lipid nanoparticles using the warm oil-in-water microemulsion technique, which improved drug-loading capacity and produced small particle size. This formula improved riluzole brain penetration and efficacy in rats with minimal distribution to other body organs such as the liver, spleen, heart, kidneys, and lung (158) . In another study, riluzole was encapsulated in nanoparticles made of Chitosanconjugated NIPAAM (N-isopropylacrylamide) and coated with tween80 prepared by free radical polymerization in order to improve the overall riluzole aqueous solubility and BBB penetration in cerebral ischemia animal model (159) . Animals treated with nanoriluzole showed significant neuroprotection at lower concentration and improved aqueous solubility with longer half-life compared to conventional riluzole (159) . Minocycline, a tetracyclic antibiotic, was previously reported to have neuroprotective properties and was tested alone and in combination with riluzole in phase I and III clinical trials in ALS patients. Failure in combination therapy was suggested due to drugdrug interaction at the BBB (160) . In that study, minocycline inhibited P-gp at the BBB which increased riluzole brain penetration by 2-fold and was suggested to cause brain neurotoxicity with the 10 mg/kg tested dose of riluzole (160) . A similar dose of riluzole was shown to cause neurotoxicity in P-gp null mice (160) . As a monotherapy, minocycline brain penetration is limited by P-gp at the BBB. One attempt to improve minocycline efficacy was by encapsulation into lipopolysaccharide-modified liposomes to target TLR4 receptors of microglia and reduce n e u r o i n fl a m m a t i o n i n S O D 1 -G 9 3 A m i c e (1 5 6 ) . Minocycline-targeted nanoliposomes showed better efficacy compared to un-modified nanoliposomes and delayed disease onset and increased life span. However, this approach was used to improve minocycline site-specific action as the drug was infused intracerebroventricularly, while its ability to cross the BBB in this formulation was not examined (156) .
THE NEED OF STRATIFYING ALS PATIENTS IN CLINICAL TRIALS
A complete understanding of the molecular mechanisms underlying P-gp overexpression in ALS may guide the development of personalized therapy for patients. This may help to improve the selection and inclusion criterion for clinical trials. If P-gp-mediated pharmacoresistance hypothesis is confirmed in the clinic, then it would be very important to consider testing investigational drugs that interact with Pgp in preclinical stages. Identifying therapeutics at preclinical stages would improve designing clinical trials. For example, examining ALS patients for polymorphisms in ABCB1 gene that are causative of pathologic P-gp overexpression and drug resistance could be useful to stratify patients according to their ABCB1 genotype. Therefore, patients who are positive for that particular ABCB1 polymorphism are categorized as a treatment non-respondent group and considered for individualized therapeutic regimen. Changes in therapeutic regimen may include combinatorial therapy of ALS drugs with P-gp inhibitors, or adjustments in dose, frequency and length of treatment.
CONCLUSIONS AND FUTURE PERSPECTIVES
Overcoming drug resistance at the BBB using compounds that regulate expression and activity of P-gp and other drug efflux transporters is still an active area of research. Ideal compounds that would provide a clinically significant inhibition of multidrug efflux transporter activity are compounds that can be safely administered at doses that provide unbound plasma concentration many fold higher than the K i of the inhibitor. Thus, clinical application of, for instance, P-gp inhibitors remain challenging with regard to potency as well as specificity. Other possible strategies include targeting signaling pathways that regulate P-gp expression in disease. However, a complete understanding of P-gp regulatory mechanisms in neurological conditions such as ALS is required to find promising therapeutic targets. Although P-gp overexpression has been detected in ALS post-mortem brain and spinal cord tissues, further studies are still essential to proof this hypothesis in living patients. Utilizing advanced imaging technology would help to accomplish this goal.
